A birefringence technique is used to determine the average magnetic moments (J.I.) of magnetotactic bacteria in culture. Differences in (J.l) are noted between live and dead bacteria, as well as between normal density and high density samples of live bacteria.
INTRODUCTION
Magnetotactic bacteria (1) contain magnetosomes consist ing of enveloped FeJO. particles (2) . In the fresh water magnetotactic spirillum Aquaspiril/um magnetotacticum, the particles are cuboidal, 400-500 A on a side, and are arranged in a chain fixed in the cell along the axis of motility (3) (Fig. 1 ). The particles are single magnetic domains and, because interparticle interactions orient the moments parallel along the chain direction, the total magnetic moment per bacterium is equal to the sum of the individual particle moments (4) . The average number of particles per bacterium, and hence the average magnetic moment, depends on the conditions of growth; this includes the age of the culture, the number density of bacteria, and the concentration of nutrients and dissolved oxygen (5) . We have previously used a light-scattering technique to determine the average length and magnetic moment of bacteria (6) . Here we report a magnetically induced birefringence technique for determining the average mag netic moment per cell in cultures of A. magnetotacticum. This method is both sensitive and rapid, and the results are unaffected by the presence of nonmagnetic bacteria, dust, or other impurities. Measurements of the average moment per cell of a culture of A. magnetotacticum yield results that differ significantly depending on whether the bacteria are living and motile or dead and immotile. This suggests that motility of a bacterium has an additional randomizing effecfOn its orientation in the field.
METHODS
We assume each bacterium possesses an orientational anisotropy I!ip in optical polarizability, with one of the principal polarization components parallel to its long axis, hence parallel to its magnetic moment. An applied magnetic field induces a net birefringence in the sample by orienting the bacteria more or less parallel to the field. The average magnetic dipole moment (,.) per bacterium in the sample can be obtained from a measurement of the field dependence of the birefringence. With the optic axis of the sample parallel to the applied magnetic field, the sample birefringence for noninteracting bacteria is (7) NdpV
where N is the number density of bacteria, V is the bacterial volume, n., is the "refractive index of the background medium, and P2 (COS/fl) is the second Legendre polynomial: P 2 (COS</I) =so (3/2 cos 2 </> -1/2). </> is defined as the angle between the long axis of the bacteria and the optic axis, and the brackets indicate an ensemble average over all bacteria being sampled. For bacteria with magnetic moment,. in a field H at tempera ture T, the angular distribution function with respect to the field direction is a) ~ a exp [a cos 1/>] sin I/> 
where M:.. NI!ipV/nw' 
I. is the maximum intensity, obtained when 0, = 7r and the light emerging from the sample is linearly polarized but rotated parallel to the analyzer. Due to the finite extinction ratio of the polarizers, the resolution limit for I 0, is _10-'; for d = I cm and k = 10 5 cm-().. -6328 A), this translates into a resolution limit for /In of 10-'. (Table I) . S I was measured with the normal bacterial density present in the culture (10 7 -IO'/cm); S2 was centrifuged prior to measurement, increasing the density an order of magnitude. The first two measurements (La and Lb) on each sample were made with the bacteria live. A few drops of formalin were then added to the cuvette, killing the bacteria without changing their shape. The third and fourth measurements (Da and Db) on each sample were subsequently made on dead bacteria.
Measurements of iln were made for a series of fields between 0.39 and 26 Oe. A two parameter least squares fit to Eq. 4 was performed for each run. A typical run is shown in Fig. 3 ; values of <IJ.> and /In. obtained for each run are presented in Table I .
DISCUSSION
The fits of Eq. 4 to the data are satisfactory, and the reliability of the method is evidenced by the agreement of illlo, IJ., and rms deviation in iln of least-squares fit to Eq. 4 for eight series of measurements. Sample I is at normal concentration and Sample 2 is dense. Land D represent live and dead bacteria respectively. The indices a and b refer to the particular run. Because the saturation magnetization of magnetite is 480 emu/cm), a typical moment of 1.25 x 10-1 ) emu corresponds to 2.6 x 10 ·16 cm' of magnetite or per bacterium, or four particles of dimension 400 A.
the parameters obtained from the duplicate runs for each sample. The errors indicated in Table I and error bar (b) in Fig. 3 are root-mean-squared (rms) deviations in Don from the least-squares fit to Eq. 4. Additional, and potentially larger errors arise from thermal and vibrational drifts in the system, particularly in the Pockel's cell. These drifts occur over a long time period and could result in a systematic error in Dono and (J.L) for a particular series of measurements for a given sample. In our experiments, possible drift in the Pockel's cell was checked by deter mining I~ at the end of a series as well as at the beginning.
If the results differed by >3% of I.(max), the series was discarded. Error bar (0) in Fig. 3 reflects drift during the particular run. Examination of Table I shows that Dono is higher for the concentrated samples, as expected from Eq. 4. Moreover, dilution resulting from the addition of formalin results in an expected lower Dono for both D samples relative to the L samples. It appears, however, that (J.L) is systematically lower for the L samples than the D samples, where we estimate the error in (J.L) to be ±4%. Because microscopic examination shows that formalin killed cells have the same morphology as live cells, we can assume that this difference does not result from structural differences in the chain of particles. Rather, we assume that the motile activities of the live bacteria tend to disorient them relative to the applied field. This system must rigorously be treated in terms of nonequilibrium statistical mechanics; however, the effect of motility on orientation can be approximated by using an effective temperature T err in Eq. 3, where T err is 10-20% greater than the thermodynamic temperature T.
The temperature T of the medium is virtually unchanged by the motility, either locally or in the sample as a whole. Table I ). Curve is a least-squares fit to Eq. 4. Error bar (a) arises from a drift in the Pockel's cell and is discussed in the text. Error bar (b) is the rms deviation in ~n obtained from the fit to Eq. 4 and is given in Table I . Another feature of the data is that the live bacteria in sample 2L possess a smaller effective magnetic moment than do those in sample I L, whereas the moments of their dead counterparts (samples I D and 2D) are roughly equivalent. Because the concentration in sample 2L is considerably higher than sample I L, we might expect that the difference in average moment is due to interaction effects between bacteria. Because the moments of dead bacteria are independent of concentration, magnetic inter actions can be ruled out. Instead we propose a hydrody namic effect: the swimming of the bacteria may affect the motions and orientations of nearby bacteria in some way having the effect of further increasing the effective temper ature. At lower density these interactions are weaker and the average magnetic moment is higher. This conjecture is presently under further investigation.
CONCLUSION
Measurements of magnetically-induced birefringence pro vide a rapid and reliable means of determining average magnetic moments in samples of magnetotactic bacteria. The results obtained are comparable to light-scattering determinations and estimates made from electron micro graphs (6) . The advantage of the birefringence method is that it is insensitive to the presence of nonmagnetic orga nisms, dust and other suspended particles that would contribute to light scattering.
